Hydrogen peroxide (H 2 O 2 ) is a natural oxidant produced by aerobic organisms and gives rise to oxidative damage, including DNA mutations, protein inactivation and lipid damage. The genus Mycobacterium utilizes redox sensors and H 2 O 2 scavenging enzymes for the detoxification of H 2 O 2 . To date, the precise response to oxidative stress has not been fully elucidated. Here, we compared the effects of different levels of H 2 O 2 on transcription in M. smegmatis using RNA-sequencing. A 0.2 mM H 2 O 2 treatment had little effect on the growth and viability of M. smegmatis whereas 7 mM H 2 O 2 was lethal. Analysis of global transcription showed that 0.2 mM H 2 O 2 induced relatively few changes in gene expression, whereas a large proportion of the mycobacterial genome was found to be differentially expressed after treatment with 7 mM H 2 O 2 . Genes differentially expressed following treatment with 0.2 mM H 2 O 2 included those coding for proteins involved in glycolysis-gluconeogenesis and fatty acid metabolism pathways, and expression of most genes encoding ribosomal proteins was lower following treatment with 7 mM H 2 O 2 . Our analysis shows that M. smegmatis utilizes the sigma factor MSMEG_5214 in response to 0.2 mM H 2 O 2 , and the RpoE1 sigma factors MSMEG_0573 and MSMEG_0574 in response to 7 mM H 2 O 2 . In addition, different transcriptional regulators responded to different levels of H 2 O 2 : MSMEG_1919 was induced by 0.2 mM H 2 O 2 , while high-level induction of DevR occurred in response to 7 mM H 2 O 2 . We detected the induction of different detoxifying enzymes, including genes encoding KatG, AhpD, TrxB and Trx, at different levels of H 2 O 2 and the detoxifying enzymes were expressed at different levels of H 2 O 2 . In conclusion, our study reveals the changes in transcription that are induced in response to different levels of H 2 O 2 in M. smegmatis.
Introduction
The genus Mycobacterium includes pathogens, such as Mycobacterium tuberculosis and nonpathogenic microorganisms, such as Mycobacterium smegmatis. Mycobacteria are able to respond to and survive under different stresses [1] . Hydrogen peroxide (H 2 O 2 ) is a natural stressor that is produced by aerobic organisms and leads to oxidative damage, such as DNA mutations, protein inactivation and lipid damage [2] . In addition, when M. tuberculosis, the pathogen which causes human tuberculosis (TB), infects a host, the production of H 2 O 2 is an important innate defense mechanism against infection. As a successful pathogen, M. tuberculosis has evolved redox sensors and H 2 O 2 scavenging enzymes for the detoxification of H 2 O 2 damage [3, 4] , but the precise response to H 2 O 2 has not been fully elucidated. A number of studies have shown that M. tuberculosis contains several regulators that respond to H 2 O 2 and several enzymes that detoxify H 2 O 2 damage [5] [6] [7] . A recent study has reported different transcriptional profiles in M. tuberculosis in response to different H 2 O 2 concentrations [7] . However, the transcriptional response of M. smegmatis to different concentrations of H 2 O 2 has yet to be explored. A greater understanding of the differences between pathogenic M. tuberculosis and nonpathogenic M. smegmatis in their response to H 2 O 2 will help us to understand the pathogenesis of M. tuberculosis.
Transcriptional regulation in response to H 2 O 2 in the Mycobacteria is complex compared to that in Bacillus or Escherichia coli. M. tuberculosis has 13 sigma factors, and M. smegmatis has 28 sigma factors [8, 9] , of which SigE, SigH, SigL and SigF play important roles in oxidative stress [3] . As classical transcriptional regulators such as OxyR, FNR and FixL are absent in M. tuberculosis, alternative transcriptional regulators have been suggested to be involved in oxidative stress, including FurA [10] , IdeR [11] , CarD [12] , and the WhiB proteins [3] . In addition to transcriptional regulators involved in the response to H 2 O 2 , the signal transduction network including two-component systems, one-component systems, and serine/threonine kinases, is also involved in relaying and orchestrating the response to H 2 O 2. M. tuberculosis encodes 11 serine/threonine kinases (STKs), of which PknB, PknF, and PknG have been shown to be involved in the oxidative stress response [13] [14] [15] . Park et al. showed that PknB phosphorylates both SigH and its antisigma factor RshA and causes its release from the complex of SigH and RshA. The phosphorylated SigH then regulates the response to oxidative stress [14] . Similar to PknB, PknD was shown to phosphorylate anti-anti-sigma factor Rv0516c and then to activate Rv0516c, which changes the expression of the SigF regulon [13] . Moreover, M. tuberculosis produces many enzymes that scavenge H 2 O 2 . Mycobacterial KatG is a multifunctional heme-dependent catalase-peroxidaseperoxynitritase [16] and efficiently protects Mycobacterium from reactive oxygen species damage [17] . KatG is the target of the first-line drug isoniazid (INH) and is responsible for the conversion of the prodrug INH into active INH [18] . Clinical strains with decreasing KatG activity showed higher levels of AhpC [19] , suggesting that AhpC contributes to defense against oxidative stress. The metabolic enzyme complex with Lpd, SucB, AhpC, and AhpD, is also involved in antioxidant defense [20] . Thiol-dependent peroxidase Tpx is an antioxidant protein against oxidative stress [21] . Voskuil et al. recently investigated whole genome expression in response to different levels of oxidative stress and showed that many genes related to oxidative stress are induced concurrently with the dormancy regulon at high concentrations of H 2 O 2 [7] .
In this study, we compared the effects of different H 2 O 2 levels on transcription in M. smegmatis using RNA-sequencing. We show that low levels (0.2 mM) of H 2 O 2 have little effect on the growth and viability of M. smegmatis whereas high levels (7 mM) of H 2 O 2 are bactericidal. Relatively few changes in gene expression were observed on exposure to 0.2 mM H 2 O 2 while a large munber of differentially expressed genes were induced after treatment with 7 mM H 2 O 2 . Some differentially expressed genes involved in the glycolysis-gluconeogenesis and fatty acid metabolic pathways were induced by 0.2 mM H 2 O 2 , and the expression of genes encoding ribosomal proteins was lower after treatment with 7 mM H 2 O 2. Our analysis also identified differences in the sigma factors, transcriptional regulators, and detoxifying enzymes that are expressed in response to treatment with 0.2 mM and 7 mM H 2 O 2 . 
Materials and Methods

Bacterial strains and culture conditions
RNA isolation for RNA-sequencing
Fifty milliliters of bacterial culture (OD 600 of~0.3) was collected and total RNA was isolated using FastPrep Purification kits (MP Bio) according to the manufacturer's instructions. Construction and sequencing of the cDNA libraries of the various mycobacterial strains was performed by BGI-Shenzhen (China). Briefly, total RNA from treated mc 2 155 strains was treated using a Ribominus Transcriptome Isolation Kit (Thermo Fisher Scientific) to remove rRNA contaminations. NEXTflex RNA Fragmentation Buffer (Bioo Scientific) was added to separate the mRNA into short fragments. Using these short fragments as templates, random hexamerprimers were used to synthesize the first strand of cDNA. The second strand of cDNA was synthesized using buffer, dNTPs, RNase H and DNA polymerase I. The short fragments were purified with a QIAQuick PCR extraction kit (QIAGEN) and resolved with EB buffer for end reparation and addition of poly(A). The short fragments were subsequently connected with sequencing adaptors. For amplification by PCR, we selected suitable fragments as templates, based on results of agarose gel electrophoresis. The library was then sequenced using Illumina HiSeq 2000. Clean reads were mapped to the reference genome and the gene sequences using SOAP2 [22] . The RNA-sequencing dataset obtained has been submitted to ArrayExpress under the accession number E-MTAB-3594.
RNA-sequencing data analysis
The raw data were filtered to 1) remove reads with adaptors, 2) remove reads with more than 10% of unknown nucleotides, 3) remove low quality reads (in which more than half of the base quality scores were less than 5). The resulting cleaned paired-end reads were mapped to the M. smegmatis mc 2 155 reference genome (NC 008596.1) using SOAP2. Mismatches of no more than 5 bases were allowed in the alignment. We performed statistical analysis in read alignments on the genome and genes for each sample. Randomness of the mRNA/cDNA fragmentation was evaluated using the reads distribution of reference genes. Gene expression was calculated according to the RPKM method (reads per kilobase of exon model per million mapped reads) [23] , and eliminated the biases influence of different gene length and sequencing difference using the TPM method [24] . We calculated the ratio of each gene between samples and identified genes differentially expressed between two samples using "the significance of digital gene expression profiles" [25] based on the criteria FDR 0.001 and a fold change larger than 4. STRING (9.1) [26] was used to analyze the interactions of differentially expressed genes and functional and pathway enrichment analysis. A p-value less than 0.05 was used as a threshold to indicate significant enrichment.
Quantitative PCR of selected genes
Log phase cultures (OD 600 = 0.8-1.0) of all the tested strains were diluted 1:100 in 7H9 media. The strains were cultured until the OD 600 reached 0.3 and then divided into control and treatment groups. In the treatment group, the cells were treated with 0.2 or 7 mM H 2 O 2 for 30 min and then collected by centrifugation at 12,000 x g. Bacterial pellets were resuspended in TRIzol (Invitrogen, USA), and RNA was purified according to the manufacturer's instructions. cDNA was synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen, USA). Quantitative real-time PCR (qRT-PCR) was performed in a Bio-Rad iCycler using a 2x SYBR real-time PCR pre-mix (Takara Biotechnology Inc., Japan). The following cycling program was used: 95°C for 1.5 min followed by 40 cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 15 s, followed by 72°C for 6 min. The M. smegmatis rpoD gene encoding the RNA polymerase sigma factor SigA was selected as a reference gene for normalizing gene expression. The 2 -ΔΔCT method was used [27] to evaluate relative gene expression in the different strains and/or different treatments. All primers used are listed in S1 Table.
Statistical analysis
All statistical analyses were performed using GraphPad Prism 5.0c. Significant differences in the data were determined using t-tests.
Results and Discussion
Effects of H 2 O 2 on growth and viability
Hydrogen peroxide (H 2 O 2 ) is a natural oxidant produced by aerobic organisms and can lead to oxidative damage, such as DNA mutations, protein inactivation and drug resistance [2] . In addition, increasing levels of toxic H 2 O 2 in the infected host is an important defensive mechanism against invading pathogens. Resistance to H 2 O 2 might increase bacterial survival in mycobacterial-infected macrophages. A previous study from our lab showed that increased resistance to H 2 O 2 in a mutant strain of M. smegmatis could lead to higher survival in infected macrophages [28] . M. tuberculosis can persist in macrophages for decades, partly because it possesses many regulators that respond to H 2 O 2 and many enzymes that detoxify H 2 O 2 [3, 7] . A recent study analyzed genome-wide changes in gene expression in response to different levels of oxidative and nitrosative stresses in M. tuberculosis [7] . Responses to oxidative and nitrosative stresses were compared and their results revealed a common genetic response used by M. tuberculosis in response to these stresses. This study demonstrated that analyzing global transcription levels can help us understand the molecular mechanisms underlying the response of bacteria to H 2 O 2 . Here, we examined the global transcriptional response of M. smegmatis to different levels of H 2 O 2 using RNA-sequencing.
Bacteria are most sensitive to environmental stresses at the early logarithmic phase [29] . We therefore chose to treat the M. smegmatis strain mc 2 155 with H 2 O 2 when bacteria reached the early logarithmic phase of growth (optical density, OD 600 of~0.3). We have previously reported that, under experimental conditions in our laboratory, the MIC to H 2 O 2 in M. smegmatis is 0.039 mM [28] and that of M. tuberculosis is 1mM. Transcriptional reprogramming is a critical step in bacterial responses to various stress factors to ensure their survival. We therefore examined changes in mRNA expression following treatment with H 2 O 2 using RNA-sequencing. mRNA samples from of M. smegmatis mc 2 155 with or without H 2 O 2 treatment were prepared as described in the "Materials and Methods".
RNA-sequencing mapping statistics showed that approximately 96% of the sequencing reads could be mapped to the M. smegmatis reference genome (NC_008596.1) ( (Fig 2B) , several induced genes were examined by quantitative RT-PCR (qRT-PCR). In three independent experiments, total RNA was isolated from M. smegmatis exposed to 0.2 mM or 7 mM H 2 O 2 for 30 min and relative levels of expression were analyzed by qRT-PCR. Results were consistent with those obtained from RNA-sequencing results, confirming the validity of our approach. For example, msmeg_0574 exhibited a 21.17 ± 1.11-fold enhancement when induced by 7 mM H 2 O 2 , but little enhancement (1.61 ± 0.31-fold) when induced by 0.2 mM H 2 O 2 (Fig 2A) , consistent with RNA-sequencing results (Fig 2B) . In addition, msmeg_3242 exhibited a 3116.9 ± 182.8-fold enhancement when induced by 7 mM H 2 O 2 and a 7.43 ± 0.11-fold enhancement when induced by 0.2 mM H 2 O 2 (Fig 2A) . The relative expression levels of the genes we chose to test under 0.2 mM and 7 mM H 2 O 2 were also consistent with RNA-sequencing results (Fig 2) . In summary, these results support the fidelity of the RNA-sequencing results for the analysis below.
Upon exposure to 0. ) when compared to the untreated mc 2 155 strain (Fig 3A) . In GO molecular function categories, we found that genes differentially expressed after treatment with 0.2 mM H 2 O 2 were significantly enriched for nuclease activity (p = 2.49 x10 ) when compared to the untreated mc 2 155 strain ( Fig 3A) . As H 2 O 2 causes DNA damage, genes involved in DNA repair (listed in Table 2 ) were induced upon exposure to 0.2 mM H 2 O 2 . Induction of RecA, AlkA, and DNA helicase by H 2 O 2 was also found in the M. tuberculosis study [7] . M. tuberculosis RecA is involved in nucleotide excision, recombination and the SOS response [31] . In M. smegmatis, RecA is induced by DNA damage and is a key regulator element of the SOS response [32] . In M. tuberculosis, dnaE2, which encodes an error-prone DNA polymerase, was shown to increase its expression in response to DNA damaging agents, suggesting that its role is involved in damage tolerance [33, 34] . mRNA levels of M. smegmatis dnaE2 and recA were increased 46-fold and 12-fold, respectively, by 0.2 mM H 2 O 2 , and 5-fold and 7.8-fold, respectively, by 7 mM H 2 O 2 ( Table 2 ). The response profiles with high inductions of DNA repair genes in M. smegmatis by both low (0.2 mM) and high (7 mM) levels of H 2 O 2 were strikingly different to those in M. tuberculosis which showed high induction from mild levels of H 2 O 2 and no change in induction with bactericidal H 2 O 2 levels [7] . Future work should compare and investigate differences between M. smegmatis and M. tuberculosis in DNA-damage-mediated death caused by H 2 O 2 in order to provide greater insights into the pathogenicity of M. tuberculosis. The STRING database was used to establish protein interaction networks of physical and functional interactions among the differentially expressed genes identified (Fig 3B) . Interestingly, using the KEGG-User Data Mapping [35] (Fig 4B) , seven genes involved in fatty acid metabolism (RM018 and RM020) were found and formed an interconnected cluster (Table 2 and Fig 4A) . In addition, nine genes involved in glycolysis/gluconeogenesis (msm00010) were found in a partially interconnected cluster ( Table 2) . Transcription of these genes was induced, suggesting that these differentially expressed genes are involved in the central carbon metabolism (CCM) switch and providing supporting evidence for a previous suggestion that the CCM of M. tuberculosis plays important roles in growth and pathogenicity [36, 37] . An extensive transcriptional switch in M. tuberculosis CCM genes during host infection has been reported, indicating that there is a quick change in the metabolic pathway in response to various stresses [38] . The gene pdhB involved in glycolysis/ gluconeogenesis was repressed 9.7-fold by 0.2 mM H 2 O 2 , and pdhA was repressed 11-fold. PdhA and PdhB are constituents of the mycobacterial pyruvate dehydrogenase complex which connects glycolysis and the tricarboxylic acid (TCA) cycle [39] . In contrast to cells treated with 7 mM H 2 O 2 , changes induced in pdhA and pdhB in the 0.2 mM treatment were weak (Table 2) . Similarly, the seven differentially expressed genes induced by 0.2 mM were involved in fatty acid metabolism and decreased by 4 to 6-fold (Table 2) , whereas a decrease induction did not appear after the 7 mM H 2 O 2 treatment. Together, these results suggest that the metabolic switch of glycolysis/gluconeogenesis and fatty acid metabolism was specific to induction by 0.2 mM H 2 O 2 .
Compared to the down-regulation of 331 genes under the 0.2 mM H 2 O 2 treatment, 1671 genes were down-regulated under the 7 mM H 2 O 2 treatment and 343 genes were up-regulated. In contrast to the small proportion of genes in the genome that responded to the 0.2 mM H 2 O 2 treatment (663 differentially-expressed genes,~10% of the genes in the M. smegmatis genome), 2002 genes were induced in response to 7 mM H 2 O 2 , representing 29.3% of the genes in the M. smegmatis genome. In contrast to the interaction networks obtained among genes which showed differential expression at the mRNA level in response to the 0.2mM H 2 O 2 treatment, we did not find enrichment in specific metabolic pathways among genes that were differentially expressed in response to the 7 mM H 2 O 2 treatment. This might be due to the fact that the 7 mM H 2 O 2 treatment had more global effects on transcription, which were not limited to specific metabolic pathways. We also conducted an analysis of GO biological processes and identified enrichment in processes including gene expression (p = 2.47 x 10 ) (S1 Fig). Ribosome biogenesis was also enriched, though the P-value was 5.48 x 10 −1 , slightly higher than the cutoff value (P < 0.5). Oxidative stress results in the rapid inhibition of protein synthesis as well as in the reprogramming of gene expression, resulting in growth reduction as an adaption to oxidative stress [40] . [7] , and so we examined the response of sigma factors to different levels of H 2 O 2 in M. smegmatis. We did not find any differences in the expression of sigF in the 0, 0.2 mM, and 7 mM H 2 O 2 treatments. SigF was first described as a stationary-phase stress response sigma factor in M. tuberculosis [41] , and we have previously shown that SigF is involved in the oxidative stress response in mycobacteria [41, 42] . Lack of SigF induction here may have been due to the fact that SigF is a stationary-phase stress response sigma factor and does not function at the early logarithmic phase, which was used in this study. [4, 8] . Our analysis showed that mRNA levels of katG were up-regulated 12-fold and 30-fold following exposure to 0.2 and 7 mM H 2 O 2 respectively (Table 2) . Notably, trxB (encoding thioredoxin-disulfide reductase) and trx (encoding thioredoxin) expression was induced strongly by 7 mM H 2 O 2 treatment (Table 2) , but not by 0.2 mM H 2 O 2 . Similarily, ahpD (encoding alkylhydroperoxidase) and msmeg_6884 (encoding NADP oxidoreductase) responded to 7 mM H 2 O 2 but not to 0.2 mM H 2 O 2 . msmeg_3708 (encoding catalase) exhibited a 5-fold increase in mRNA expression only after exposure to 0.2 mM H 2 O 2 , indicating that it is specifically induced in response to low levels of H 2 O 2 exposure. It will be interesting to investigate the distinct biological roles of enzymes that scavenge different levels of H 2 O 2 in mycobacteria. Such studies will lead to greater understanding of the basic roles of these enzymes.
Conclusion
In this study, we have shown that, in M. smegmatis, different genes are induced in response to low and high levels of H 2 O 2 . A notable difference in the response to low-level (0.2 mM) H 2 O 2 and high-level (7 mM) H 2 O 2 was observed. When exposed to 0.2 mM H 2 O 2 , expression of approximately 10% of the genes in the M. smegmatis genome was significantly changed. In contrast, 29.3% of M. smegmatis genes were significantly changed in response to 7 mM H 2 O 2. Transcriptional analysis suggested that a metabolic switch in glycolysis/gluconeogenesis and fatty acid metabolism was potentially involved in the response to the 0.2 mM H 2 O 2 treatment but not to the 7 mM H 2 O 2 treatment. We also observed that transcriptional levels of genes encoding ribosomes decreased when bacterial cells were treated with 7 mM H 2 O 2 . This result suggests that 7 mM H 2 O 2 treatment affected the protein synthesis apparatus and thus reduced protein synthesis, resulting in reduced bacterial growth. The expression level of gene msmeg_5214 (encoding the RNA polymerase sigma-70 factor) was induced in response to 0.2 mM H 2 O 2 , and the rpoE1s (msmeg_0573 and msmeg_0574) were induced specifically in response to 7 mM H 2 O 2 . In addition, different regulators were observed to respond to different levels of H 2 O 2 . MSMEG_1919 was induced following exposure to 0.2 mM H 2 O 2 , while DevR was highly induced by the 7 mM H 2 O 2 treatment. Our results show that pknK, a gene encoding a STPK, is involved in the 7 mM H 2 O 2 treatment response and that different genes encoding detoxifying enzymes, including the genes encoding KatG, AhpD, TrxB and Trx, were expressed in response to different levels of H 2 O 2 . In summary, this study of global transcriptional changes that occur after exposure to different levels of H 2 O 2 documents changes in transcriptional regulation in response to exposure to low and high level H 2 O 2 treatments, including the use of different sigma factors, regulators, serine/threonine kinases and differences in the transcriptional levels of detoxifying enzymes used to combat H 2 O 2 stress. Further study of these genes will aid our understanding of the mechanisms underlying the precise regulation and scavenging of H 2 O 2 .
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